Background-Environmental fungi have been linked to T helper type 2 (Th2) cell-related airway inflammation and the Th2-associated chronic airway diseases asthma, chronic rhinosinusitis with nasal polyps (CRSwNP) and allergic fungal rhinosinusitis (AFRS), but whether these organisms participate directly or indirectly in disease pathology remains unknown.
INTRODUCTION
Chronic rhinosinusitis (CRS) is an inflammatory process of the nasal and paranasal sinus mucosa that affects more than 30 million people annually and results in over $6 billion in direct healthcare costs 1 . CRSsNP and CRSwNP are associated with Th1 and Th2-associated cytokine responses, respectively 2, 3 . Many studies have implicated infectious agents including fungi, bacteria and viruses in the pathogenesis of CRS, but the precise relationship of infectious agents to the expression of Th2-associated diseases is not known [4] [5] [6] .
Similar to CRS with nasal polyps, allergic asthma is characterized by the presence of Th2 cells, eosinophils, and mast cells in the lower airways. Asthma and CRS are epidemiologically linked, with over 40% of CRSwNP patients having allergic asthma and 80% of asthmatic patients showing some imaging data suggestive of nasal and/or paranasal sinus inflammation 7, 8 . The physical link between the upper and lower airways, shared environmental exposures, and similar histology, epidemiology, and Th2-associated immunopathology strongly suggest that allergic asthma and CRSwNP are linked by a common pathophysiology. Allergic fungal rhinosinusitis (AFRS) is similar to CRSwNP, but afflicted patients demonstrate IgE reactivity to one or more fungi and often manifest more advanced disease.
Fungal sensitization as assessed by skin prick testing or specific IgE measurements has been associated with worsening asthma in humans; however, the relationship of fungal sensitization to the pathophysiology of asthma remains uncertain 9 . Of the many agents commonly linked to asthma pathogenesis, including dust mites, pollens, and fungi, only fungi are capable of growing within the mammalian airway. Two successful clinical trials with oral antifungals in severe asthmatics with fungal sensitization suggest that fungal infection could underlie disease in a subset of asthmatic patients 10, 11 . Unresolved with these studies, however, is whether the salutary effect of oral antifungals in asthma reflects their anti-inflammatory 12 or antifungal activities. Indeed, clear evidence of fungi growing within the airways of patients with a variety of Th2-associated and non-associated diseases is lacking.
Prior studies from our laboratories have established that fungal sensitization in CRS is very common and that fungal growth within the airways is essential to the pathophysiology of experimental fungal allergic airway disease in mice [13] [14] [15] . We have further shown that fungal proteinases are intimately linked to both anti-fungal immunity and the expression of experimental asthma through the activation of fibrinogen and TLR4 16 . We therefore hypothesized that fungal growth directly within the airways could potentially contribute to the expression of a variety of Th2-associated airway diseases in humans. To test this, we determined the frequency of both fungal isolation from sinus lavage specimens and the presence of fungus-specific immunity in patients undergoing sinus surgery with and without asthma and CRS. We further examined sinus lavage material for direct evidence of fungal growth.
METHODS: (see supplementary methods) Patients
The research protocol for this study was approved by the Institutional Review Board of The University of Texas Health Science Center and Baylor College of Medicine, Houston, TX. Patients (n=118) scheduled to undergo endoscopic sinus surgery who met inclusion and exclusion criteria (see Table S1 in Supplementary Appendix) were consented and deidentified for the collection of peripheral blood and/or sinus lavage fluid. Clinical definitions are defined in Table S2 and patient characteristics are summarized in Table S3 in the Supplementary Appendix.
Collection and fungal culture of sinus lavage fluid
Sinus lavage fluid was collected mainly from the maxillary sinuses using an endoscope with sterile saline and aseptic technique. The collected sinus fluid was processed with ACK for red blood cell lysis, 50 mM dithiothreitol for mucolysis, and trypsin for tissue disaggregation as needed, and then cultured as previously described 17 . Select common, mature fungal colonies were isolated for microscopic identification at the Fungus Testing Laboratory at The University of Texas Health Science Center (San Antonio, Texas, USA).
Fungal antigen preparation and ELISpot assay
Fungal allergens were prepared from pure cultured hyphal mats using colloidal grinding in a planetary ball mill (Retsch/Verder Scientific, Newtown, PA) with 2 mm zirconium oxide balls in PBS. Peripheral blood mononuclear cells (PBMCs) were isolated by ficoll-hypaque gradient centrifugation, and co-incubated with and without fungal allergen from Aspergillus niger, Aspergillus fumigatus, Aspergillus flavus, Alternaria alternata, Curvularia lunata, Penicillium oxalicum, Paecilomyces variotii, Candida albicans, and Bipolaris spicifera or from fungal allergens prepared from microscopically unidentifiable (non-maturing) fungal colonies isolated specifically from some control and CRSsNP patients in an IL-4 ELISpot assay. Based on receiver operating characteristic (ROC) analyses, a cutoff of 50 cells per million cells induced to secrete IL-4 in response to fungal allergen was considered positive. Data are reported as the number of cells induced above the media control for each allergen. Cell viability and responsiveness were confirmed by phytohemagglutinin challenge.
ELISA fungal specific IgE assay
Patient plasma was incubated in fungal allergen (A. niger, A. fumigatus, or A. alternata) coated ELISA plates. Fungal allergen binding IgE was detected using HRP conjugated antihuman IgE (ICL Labs, Stuart, Florida) and compared to a standard curve prepared using an IgE sandwich ELISA with a lower limit of detection of 6 kIU/L which was also the optimal cutoff as detemined by ROC analyses.
Statistics
Summary statistics are presented as proportions, means (with standard error of the mean (SEM)). Bivariate associations were examined using Mann-Whitney and Fisher's exact tests, as appropriate. The discriminatory ability of IgE and IL-4 ELISpot were characterized by the area under the ROC curve. Optimal disease associated cutoffs for ELISpot and IgE analyses were also determined during ROC analyses. All analyses were performed using Prism v6.0 (GraphPad Software, San Diego, CA) or Stata v12.0 software (StataCorp, College Station, TX).
RESULTS

High rate of fungal isolation from airways of patients with CRSwNP and asthma
We first determined the frequency with which fungi could be cultured from sinus lavage fluids collected at the time of surgery from patients without (control, CRSsNP without asthma) and with (CRSwNP, AFRS, asthma) Th2-associated chronic airway disease undergoing sinus surgery. AFRS patients were treated as a distinct group from CRSwNP in our analyses. Patients were separated into with or without asthma groups based on medical history. Relative to control patients, fungi were significantly more frequently cultured from patients with CRSwNP, AFRS, or asthma (p<0.01, p<0.001, and p<0.01, respectively; Fig.  1A , B, Supplementary Table S4 ). Fungal isolation differences were most dramatically enhanced in patients categorized based on the presence of any Th2-associated disease as compared to non-Th2-associated patients. Sixteen percent of non-allergic disease patients had a positive fungal culture while 74% of patients with any allergic disease had a positive fungal culture ( Fig. 1C; p<0 .001). Typical specimens from patients with Th2-associated upper airway disease produced robust fungal growth on culture plates and plain microscopy revealed fungal hyphae, often as part of extensive networks, in 95% (n=20) of patient specimens ( Fig. 1 D-F ). These findings demonstrate that fungi can be directly observed in and grown from the sinuses more often in patients with chronic Th2-associated airway disease and further document in situ fungal growth within the sinuses. Tables S4-S6 summarize data for all patient diagnostic combinations. All fungal species identified in this study are listed in Table S7 .
Both IL-4 reactivity and specific IgE detect fungal immune memory in Th2-associated airway disease
In addition to fungal cultures, we sought additional evidence of the physiological impact of airway fungi in Th2-associated airway diseases. Although a large number fungal species were recovered in this study overall (>23), we utilized whole organism lysates from the three most commonly isolated fungi (A. alternata, A. fumigatus, and A. niger) to compare fungal-specific immunity detection using two methods, an IgE ELISA and an IL-4 ELISpot. We chose IL-4 for its importance as a canonical marker of the presence of Th2 cells and growth factor for IgE-secreting B cells 18, 19 . Fungal specific IgE was assessed in 22 nonTh2-associated and 48 Th2-associated airway disease patients using an ELISA developed in our laboratory as commercial assays cannot assess reactivity against the specific fungal strains we isolated. Clinically, patients are considered fungus sensitive if they are reactive against any fungus as assessed by skin prick or have elevated specific IgE. Specific IgE against A. alternata, A. fumigatus and A. niger was found in a minority of patients both with and without Th2-associated disease, but only IgE against A. alternata was significantly more commonly present in the Th2-associated disease group (P < 0.05; Fig 2A) . A positive response to any fungus as determined by the highest fungus-specific IgE titer of the three tested that exceeded the assay's lower limit of detection (6kIU/L IgE) was found in 50% of Th2-associated disease patients and was again significantly more often present in those with compared to those without Th2-associated disease (P < 0.05; Fig 2A) .
We further performed ELISpot assays to measure the net number of IL-4-secreting cells induced by fungal antigen exposure above media stimulation. In contrast to the IgE analysis, positive responses in this assay to each of the three fungi and the highest response to any fungus readily distinguished Th2 associated from non-Th2 associated disease patients. Moreover, fungus-specific IL-4 responses were observed only in the Th2-associated disease group (Fig. 2B) . ROC curve analyses were further used to compare the performance of the two assays for each antigen. The ROC analyses were limited to patients in which both IgE and IL-4 ELISpot analyses were performed. The IL-4 ELISpot assay showed superior performance in discerning subjects with (n=30) and without (n=18) Th2-associated airway disease compared to the IgE ELISA as noted by the higher area under the curve (AUC) values (Fig. 2C) . Based on these analyses, we confirmed the optimal performance threshold of the ELISpot assay as an induction of 50 IL-4-secreting cells per million PBMCs, providing 100% specificity and 73% sensitivity. In contrast, the cutoff of the IgE ELISA, independently determined as the lower limit of detection of the assay (6kIU/L IgE), yielded a specificity of 77% and 50% sensitivity. Fungus-specific IgE data are expressed in relation to patient diagnostic category in Figure S1 . As expected, fungal specific IgE positivity was most clearly associated with AFRS.
Enhanced fungus-specific IL-4 memory recall in patients with CRS with nasal polyps and asthma
Given the more robust specificity of the IL-4 ELISpot assay relative to IgE for the three fungi, we expanded it to include allergens derived from nine commonly identified fungi from subjects' airways to further enhance the sensitivity of the assay. Analyses were also performed using allergens from non-maturing, unidentifiable, fungi isolated from healthy control patients due to the rarity of fungal growth in this subset. Despite isolating fungi from 16% of control and CRSsNP patients, only one patient with CRSsNP, who had concomitant asthma, exhibited a positive IL-4 ELISpot response (Fig. 3A and Supplementary Table S5 ). In contrast, patients with Th2-associated sinus disease (CRSwNP and AFRS) had a significant increase in positive fungus-specific IL-4 ELISpot (p<0.01 and p<0.001, respectively; Fig 3A) . Similarly, we found a markedly higher percentage of asthmatic patients with positive IL-4 ELISpot results as compared to both control and all non-asthmatic patients (80% versus 0% and 27%, respectively; p<0.001 for both; Fig 3B) . Note that the non-asthmatic group includes the subgroup of healthy control subjects plus non-asthmatic CRS subjects. Again, the most polarized data were seen when patients were categorized by the absence or presence of any Th2-associated airway disease, where no patient without Th2-associated airway disease and 73% of patients with Th2-associated airway disease exhibited positive fungal specific IL-4 ELISpot reactivity (p<0.001) (Fig.  3C) . Maximal fungus induced ELISpot values for Th2-associated disease patients ranged from 51 to ~3000 IL-4-secreting cells/million PBMC (Fig. 3D) , with higher values tending to occur in patients with AFRS (data not shown). Further analysis of the patient data indicated that most Th2-associated disease patients reacted to only one or two fungi of the nine tested against, but two patients with AFRS reacted against most fungal antigens (Fig.  3E) , demonstrating that pan-fungal reactivity was the exception rather than the rule in our patient sample. ELISpot reactivity was found against the standard nine antigen panel, with the highest rate of reactivity observed against A. fumigatus (47%) and the least against C. albicans (9%; Fig. 3F ).
These findings indicated that fungal antigen-specific IL-4 secretion from PBMC is strongly linked to the presence of concurrent Th2-associated airway disease, but the relevance of this observation is potentially limited because the fungi eliciting IL-4 responses and those cultured from the airway often differed. To further refine these observations, we next determined if IL-4 memory responses also correlated with the presence of Th2-associated airway disease when the fungal antigen was matched specifically to the fungus cultured from the patient's airway. In nine additional patients (Fig. 4A-C and Supplementary Table  S6) , we found a much higher correlation (89%) between fungus-specific IL-4 responses and Th2-associated disease status compared to similar patients tested against the panel of nine fungal allergens (Fig. 3 and Supplementary Table S5) . Again, however, none of the four patients without Th2-associated airway disease reacted positively in the ELISpot assay to the fungus grown from their airway fluids (p<0.01; Fig. 4C ). Thus, a positive IL-4 ELISpot response to a concomitantly isolated airway fungus was especially strongly associated with the presence of Th2-associated airway disease. A similarly strong association was seen with AFRS patients in which fungus specific IgE was matched to the actual fungus cultured ( Figure S1D ).
DISCUSSION
Using a sterile, surgical approach in patients presenting for medically necessary sinus surgery, we have shown that patients with chronic Th2 associated airway disease carry a much higher airway fungal burden relative to patients free of Th2 associated airway disease as assessed by the higher probability of isolating fungi from the sinuses and lower respiratory tract. Our studies further revealed the presence of mature fungal elements, especially hyphae, from sinus lavage samples in the vast majority of patients with Th2 associated airway diseases, indicating fungal growth within the sinuses. Moreover, IL-4-and IgE-specific reactivity to airway fungi were detected in the majority of patients with Th2-associated chronic airway diseases, but in none of our non-Th2-associated disease patients. Combined with complementary prior observations, these findings provide robust evidence that environmental fungi directly contribute to the pathogenesis of chronic Th2-associated airway diseases.
Asthma symptoms worsen after enhanced exposure to aerosolized fungal spores 20 , an event especially seen in communities affected by environmental disturbances such as thunderstorms and hurricanes that favor spore dispersal [21] [22] [23] [24] . Indoor mold exposure and spore counts are further linked to asthma severity 25 , and a higher prevalence of fungal sensitivity is associated with increased hospitalizations and intensive care unit admissions for acute asthma 26 . A new asthma phenotype termed severe asthma with fungal sensitization (SAFS) describes the relationship between fungal sensitivity and asthma severity. Based on a meta-analysis limited to Aspergillus sensitization, the prevalence of SAFS is estimated at 30% or greater 9 . In our study, sensitization to a much broader range of fungi in the asthmatic subgroup based on fungus-specific IL-4 responses was markedly higher at 75%, suggesting that many fungi can contribute to the expression of Th2-associated airway disease.
This observation is further supported by studies from animal systems. Both Aspergillus and Alternaria spp. introduced repeatedly intranasally incite increased goblet cell hyperplasia, mucus production and enhanced IL-4 secretion consistent with Th2 cell-dependent sinus inflammation in mice 27, 28 . Similarly, we have previously shown that hallmarks of asthma including airway hyperreactivity, airway eosinophil infiltration, and goblet cell metaplasia can be induced in mice challenged repeatedly intranasally with diverse fungi, including many of those identified in our patients 13, 14 . We and others have further demonstrated that many of the cellular and molecular components of Th2-associated inflammation, including eosinophils, Th2 cells themselves, IL-5, and IL-13, have fungistatic activity 13, 14, 29 . Persistent, moderately high-level exposures to airway fungi lead to asthma-like airway disease even in normal mice through airway infection 14 . Consequently, chronic Th2-associated inflammatory responses of the airway may represent complex anti-fungal immune responses that are directed at airway fungi to preclude epithelial invasion and potentially lethal dissemination 30 .
Despite evidence of a direct role of fungi in Th2-associated diseases, efforts to eradicate airway fungi in both asthma and chronic rhinosinusitis have not yielded consistent findings. In a recent meta-analysis including 6 randomized controlled trials in CRS patients, evidence was against the effectiveness of either topical or systemic antifungal therapy 31 . However, in a select subgroup of AFRS patients, oral itraconazole and ketoconazole had a more positive response, although most of these studies were uncontrolled 32 . Oral itraconazole yielded positive effects in a subset of asthmatic patients with fungal sensitivity 10 and the majority of asthma or ABPA patients that cannot tolerate itraconazole appear to benefit from either posaconazole or voriconazole 11 . In contrast, findings with voriconazole could not be replicated in a prospective study 33 . Although the reasons for the inconsistent performance of anti-fungal antibiotics are not entirely clear, negative studies with voriconazole have been used to argue that positive results with other antifungal antibiotics, especially itraconazole, are due to their ability to promote corticosteroid activity. However, given the very strong link between airway fungi and Th2-associated allergic airway diseases as shown here, we believe that a reduction in airway fungal burden achieved in some, but perhaps not all studies, more likely accounts for the findings. Our study therefore warrants future clinical studies that dissect the relative importance of steroid promoting versus anti-fungal effects of anti-fungal antibiotics in Th2-associated diseases.
There are several limitations to our study. The patients studied were all from a single enrollment site and all had complex and severe disease that may not be representative of asthma or CRS in the general population. Specifically, the increased fungal burdens and enhanced type-2 immunity observed in these subjects suggests that modest defects in antifungal immunity might drive these more severe phenotypes. For clarity, we limited our microbial evaluation to fungi, but our findings do not rule out the potentially important contributions of bacteria and viruses to subject phenotypes 34, 35 . In order to assess IgE responses against fungal strains that may not be available through commercial testing (ImmunoCAP) we used our standard laboratory IgE assay. As this assay (lower limit of detection 6kIU/L) is less sensitive than the ImmunoCAP assay (lower limit of detectioñ 0.35kIU/L), it is possible that the IL-4 ELISpot assay offers sensitivity that is comparable to the ImmunoCAP assay in detecting fungal sensitization. Direct comparison of the ImmunoCAP and ELISpot methods is warranted as part of future studies. Finally, our study did not address the numerous environmental, genetic, and anatomic factors that potentially contribute to Th2-associated disease expression.
In summary, our findings demonstrate that culturable filamentous fungi from sinus lavage samples, microscopic evidence of fungal growth, and fungus-specific IL-4 and IgE immune reactivity were defining features of the subset of patients with Th2-associated airway disease, suggesting that fungi contribute directly to the pathogenesis of these conditions. Especially in light of the ambiguous role of anti-fungal therapy in these conditions, our findings warrant additional, carefully conducted clinical studies to clarify the utility of airway fungal eradication in Th2-associated airway diseases.
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